Introduction
============

Primary ovarian insufficiency (POI), formerly known as premature ovarian failure or premature menopause, is characterized by amenorrhea for 4 months or more in association with increased serum gonadotropin concentration and hypoestrogenism before or at the age of 40 years \[[@B1][@B2]\]. This condition occurs in approximately 1 in every 100 women before the age of 40 years and 1 in every 1,000 women before the age of 30 years \[[@B3][@B4]\]. Idiopathic POI, the etiology of which remains unknown, may be related to underlying aberrations in parts of the X-chromosome related to maintaining ovarian function, which in turn might cause ovarian insufficiency.

X-chromosome inactivation (XCI) is a process by which one of the two X-chromosomes is randomly inactivated to equalize X-linked gene dosage between XX females and XY males \[[@B5]\]. The X-inactivation process is controlled by a single X-linked cis-acting locus called the X-inactivation center (Xic) \[[@B6]\]. The X-inactive specific transcript (*XIST*) gene, whose product is a non-coding nuclear RNA, has been implicated strongly in the process of XCI \[[@B7]\]. The *XIST* gene, which maps to the Xic region on the X chromosome (Xq13.2), is exclusively expressed from inactive X chromosomes and its expression is tightly correlated with the presence of inactive X chromosomes \[[@B6][@B7][@B8]\]. Nonrandom, preferential X-inactivation has been found in female carriers of several X-linked syndromes \[[@B9][@B10][@B11]\]. Recently, there have been reports that a cytosine to guanine (C43G) mutation in the promoter region of the *XIST* gene is associated with skewed XCI \[[@B12][@B13][@B14][@B15][@B16]\] and, furthermore, that skewed XCI is associated with POI \[[@B17]\]. Plenge et al. \[[@B12]\] described nine females from two unrelated families who carried a promoter mutation in the *XIST* gene showed skewed XCI, and Sato et al. \[[@B17]\] reported that the incidence of skewed XCI was significantly higher in POI patients compared with controls (54.2% vs. 27.6% on ≥70% skewing; 37.5% vs. 13.8% on ≥80%; and 20.8% vs. 0.0% on ≥90%).

Considering these reports, it could be postulated that variation in the *XIST* gene leads to a preferential silencing of genes on the X chromosome related to the maintenance of ovarian function, and that this may serve as a susceptibility factor for POI. Therefore, the *XIST* gene is an attractive candidate gene for skewed XCI, which has been documented in the structural abnormalities of the X-chromosome, and could have a role in the pathogenesis of idiopathic POI. However, most studies of *XIST* mutation have focused on animals, and there is no large-scale association study in humans linking *XIST* mutation and POI. Even though we previously reported no significant difference in the incidence of skewed XCI between POI and control groups \[[@B18]\], it is still possible that underlying X-chromosome aberration is associated with idiopathic POI. Because the exact functional relationship between skewed XCI and POI is not yet elucidated, searching for genetic or chromosomal abnormalities, including skewed XCI, as risk factors for idiopathic POI is worthwhile.

In this study, we therefore investigated whether variation in the *XIST* gene is associated with idiopathic POI in a sample of the Korean population. To do this, we analyzed the frequency of the C43G mutation in the promoter region of *XIST* in patients with idiopathic POI and in controls.

Methods
=======

1. Subjects
-----------

A total of 102 idiopathic POI patients were enrolled, comprising 11 cases (10.8%) with primary amenorrhea and 91 cases (89.2%) with secondary amenorrhea. The applied diagnostic criteria for POI were as follows: ≥4 months of amenorrhea and two serum follicle-stimulating hormone (FSH) levels of ≥40 mIU/ml obtained ≥1 month apart in women aged ≤40 years \[[@B1]\]. All patients underwent gynecological examination with pelvic ultrasound evaluation and complete POI workup including autoimmune disease and karyotype analysis as described previously \[[@B18]\]. Patients with known causes of POI (i.e., cytogenetic abnormalities, previous chemo- or radiotherapy or bilateral oophorectomy) were excluded from this study. A total of 113 women who had normal menstrual cycles (21-35 days) and normal ovarian features according to ultrasonography served as controls. The review board for human research of Seoul National University Hospital approved this study and written informed consent was obtained from each participant.

2. Genotyping of *XIST* C43G mutation
-------------------------------------

Genomic DNA was isolated and extracted from peripheral blood leukocytes using the Wizard DNA purification kit (Promega, Madison, WI, USA). Analysis of the *XIST* C43G mutation was carried out using a polymerase chain reaction (PCR)-restriction fragment length polymorphism assay. The PCR reaction mixture had a total volume of 25 µL and contained 0.025 µg genomic DNA, 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl~2~, 200 µM dNTPs (deoxynucleotide triphosphates), 1 U Taq polymerase (Takara, Shiga, Japan) and 0.4 µM of each upstream and downstream primer. The oligonucleotide primers used in PCR were as follows: forward 5\'-GAGAGATCTTCAGTCAGGAAG-3\' and reverse 5\'-AGACCAGGAGTCACAACTTC-3\'. The PCR cycling conditions were as follows: an initial denaturation step at 94℃ for 5 minutes, amplification for 35 cycles of PCR at 94℃ for 30 seconds, 55℃ for 30 seconds, and 72℃ for 30 seconds, followed by a final extension time of 5 minutes at 72℃. PCR products were digested with 2 U of restriction enzyme *Hha*I (New England Biolabs, Ipswich, MA, USA) at 37℃ for 3 hours, separated by 3% agarose gel electrophoresis, and identified by using ethidium bromide staining.

Results
=======

We investigated promoter mutations in the *XIST* gene in 102 patients with idiopathic POI and 113 normo-ovulatory women. The mean age of onset of POI was 28.7±8.5 (standard deviation) years and the mean age at the time of blood withdrawal was 35.3±14.1 years. The mean age of the control group was 35.1±14.0 years. The mean values of luteinizing hormone (LH), FSH, and estradiol in the POI group were 31.4±18.2 mIU/mL, 74.5±41.1 mIU/mL, and 30.5±36.7 pg/mL, respectively ([Table 1](#T1){ref-type="table"}).

The homozygous wild-type product yields a common cut, i.e., two fragments of 205 and 72 bp, when digested with *Hha*I. In the presence of a C43G variant, the product is cut into three fragments of 184, 72, and 21 bp for homozygous mutant type ([Figure 1](#F1){ref-type="fig"}). The genotype for the C43G variation was successfully determined in all subjects. Our analysis showed no mutation in either the POI or the control group ([Table 2](#T2){ref-type="table"}). There were only two bands (205 and 72 bp in size) in all subjects. This result was confirmed by sequencing analysis in both the POI and control groups.

Discussion
==========

The purpose of this study was to investigate the association of genetic variation in the promoter region of the *XIST* gene with idiopathic POI susceptibility in Korean women. In contrast to our expectation, there was no C43G mutation in the *XIST* gene in any of the subjects. Based on our results, C43G variation in the promoter region of the *XIST* gene may be rare in the Korean population. More importantly, our results suggest that the role of the *XIST* gene in the pathogenesis of POI is not yet clear. To the best of our knowledge, this is the first study to examine the association between the *XIST* gene variations and idiopathic POI.

X-chromosome aberrations such as Turner\'s syndrome are well known causes of POI. Considering the underlying genetic role of the sex chromosome in the maintenance of ovarian function, the preferential X-inactivation process by which most of the genes on the associated X chromosome are silenced could result in ovarian insufficiency before or at the age of 40. The most well-known genetic region involved in the process of X-inactivation is Xic. The *XIST* gene, which maps to the Xic region, is expressed exclusively from inactive X chromosomes and has been implicated in inactivation signaling \[[@B6]\]. A report that nine females from two unrelated families who carried a promoter mutation in the *XIST* gene showed skewed XCI, suggested that regulation of *XIST* gene expression is associated with XCI \[[@B12]\]. However, it has also been reported that this mutation is not present in 66 Brazilian females with skewed XCI \[[@B19]\]. In our cohort, there was no *XIST* mutation, and this finding is consistent with the latter Brazilian report.

The discrepancy in *XIST* promoter variation between studies could be explained as follows. First, ethnic differences in genetic studies require specific attention because they might influence the pattern of *XIST* promoter variation in POI patients. Studies from different populations are needed to replicate and confirm our results in idiopathic POI. Second, the previous report in which a promoter mutation in the *XIST* gene was associated with skewed XCI came from a family tree study. Both genetic and environmental factors are often related to the development of genetic variation, and these could affect menopausal age. Further study of *XIST* mutation in familial POI using large sample sizes will be helpful to elucidate these associations. Finally, it is also possible that C43G mutation in the promoter region of the *XIST* gene is neither necessary nor sufficient to promote preferential XCI in humans. Although the expression of the *XIST* gene is associated with X inactivation in mice \[[@B8]\], the functional significance of the C43G mutation in the human *XIST* promoter region is not yet clear. Our finding suggests that variation in genes related to the XCI process might not be a major determinant of the risk of idiopathic POI. There is some evidence that POI may partly depend on genetic factors \[[@B20][@B21]\]. However, it is unlikely that POI represents a single gene defect and it is more likely to be a polygenic or oligogenic trait. The cause of POI in terms of genetic aberration is unclear and much more research has to be done in this area.

Although our study found no association between *XIST* promoter variation and idiopathic POI, the results need to be interpreted with caution. The *XIST* gene encoding the Xic seems to play an important role in regulating XCI \[[@B8]\]. The roles of *XIST* in X-inactivation signaling and in the pathophysiology of POI remain to be investigated fully, especially in light of the inconsistent results of replication studies. Elucidation of factors involved in this genetic process could be helpful in understanding the underlying mechanisms of POI.

In summary, we found no C43G promoter variation in the *XIST* gene in patients with idiopathic POI in our sample of the Korean population. Although the present finding suggests that the role of the *XIST* gene in the pathogenesis of POI is not yet clear, there is increasing evidence that some underlying genetic aberration may cause X-chromosome abnormalities, which may be a risk factor for idiopathic POI. The potential relationship between variation in the *XIST* gene and POI remains to be investigated in diverse ethnic groups, and thus *XIST* gene expression may still have a role in pathophysiology of idiopathic POI.
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###### Clinical characteristics of women with idiopathic primary ovarian insufficiency (POI) and controls
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Values are expressed as mean±standard deviation.

###### Distribution of the *XIST* gene C43G variation in the primary ovarian insufficiency (POI) patients and controls
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